One of the most important requirements for success in clinical islet transplantation is the use of a large number of viable donor islets. To achieve this, the ability to cryopreserve islets and to establish an islet bank are critical. Previously, we developed a two-step cryopreservation procedure with freezing tubes utilizing low and high concentrations of dimethyl sulfoxide (DMSO) and using a fully automated cryomachine for human pancreatic islets and porcine islet-like cell clusters (ICCs). Based on these experiments, we developed a simple and efficient cryopreservation procedure of a freezer bag for isolated islets using a fully automated computer-controlled cryomachine with a newly developed cryoprotectant consisting of ethylene glycol (EG) instead of DMSO for decreasing injury of the islets by freezing. A 250 ml Cryocyte blood freezer bag and our newly developed cryoprotectant containing ethylene glycol (EG) were used in the freezing procedure. The islets were frozen by a fully automated computer-controlled cryomachine (GE 9,000) with our original program of slow cooling. Nucleation occurred at −8°C, and the frozen islets were stored at −196°C in a liquid nitrogen tank. The frozen-stored islets were subsequently rapidly thawed in a 37°C water bath and cultured before viability testing. In vitro function, the stimulation index of insulin release during the static incubation test for rat islets cryopreserved in a freezer bag vs. nonfrozen islets as control, was 2.13 ± 0.42 and 2.02 ± 0.38 (94.8% compared with control), respectively (n = 5, p = NS). The islet recovery compared with the nonfrozen control group was 85% (n = 5) in insulin content. When 1000 rat islets cryopreserved in a freezer bag were transplanted into the renal capsule of diabetic athymic mice, all the mice became normoglycemic within 7 days from transplantation. Before nephrectomy, the intravenous glucose torelance test (IVGTT) was performed. The fractional decay constant of the glucose level (K value) of the frozen-thawed group was 0.42 ± 0.06%/min. A histological study of renal subcapsular grafts demonstrated the morphological integrity of the islets. These results demonstrate the utility of our cryopreservation procedure of a freezer bag for isolated islets using a fully automated computer-controlled cryomachine with a newly developed cryoprotectant for the maintenance of viability and function of frozen-stored islets both in culture and after transplantation. Cryopreservation using freezer bags with the new cryoprotectant is an effective and simple method for making an islet bank for clinical trials of islet transplantation.
INTRODUCTION
posttransplant was 33/267 (12%); the number of those that were insulin independent 1 year after islet transplan-Recently, many advances in the isolation of human tation was 17 (8%), with the longest insulin indepenpancreatic islets have made possible islet transplantation dence follow-up being 5 years and 10 months (5) . in clinical trials for the treatment of diabetes mellitus.
Evaluation of recent clinical islet transplants by the In-Clinically, islet transplantation has led to insulin indeternational Islet Transplant Registry identified several pendence and induced long-term normoglycemia in common characteristics for achieving insulin independiabetic patients. The number of pretransplant C-pepdence following islet transplantation (1,5). Detailed tide-negative (no residual β-cell function) patients who analyses revealed that insulin independence was facilibecame insulin independent for at least more than 7 days tated: if the islets were isolated from pancreata with a 364 MIYAMOTO ET AL. mean preservation time of less than 8 h; if more than MATERIALS AND METHODS 6000 islet equivalents (number of islets if all had a di-Islet Isolation ameter of 150 µm) per kilogram body weight of the re-Male inbred Sprague-Dawley (SD) rats, weighing cipients were transplanted; if the islets were transplanted 300-350 g, were used as islet donors. The islets were into the liver via the portal vein; and if induction of isolated as previously described. Briefly, under ether animmunosuppression comprised T-cell antibodies. Furesthesia, the abdomen was opened and the common bile thermore, analysis of preserved posttransplant β-cell duct was cannulated. The donor pancreas was distended function (C-peptide > 0.5 ng/ml) of the graft showed with 10 ml of enzyme solution prepared by using sterile that islet allotransplantation in type I diabetics has an Hanks' balanced salt solution (HBSS) supplemented approximately 50% failure rate after 3 months (1). with 20 mmol/L HEPES buffer and containing 1% bo-Limitations in the ability to isolate large numbers of vine serum albumin (BSA; Sigma Chemical Co., St. viable islets make it necessary to pool islets from several Louis, MO, USA) and 800 U/ml of collagenase (type donors to achieve this critical islet mass. Furthermore, XI, Sigma). After inflation the pancreas was removed in Japan, harvesting human pancreata for clinical islet surgically without damaging the pancreatic capsule and transplantation from brain-dead donors is prohibited by incubated in a water bath for 19 min. At the end of law. In Japanese clinical islet transplantation, we can incubation the digestion was stopped by adding 50 ml only harvest human pancreata from non-heart-beating of cold HBSS (4°C). A 10-ml pipette was used to gently donors according to the transplantation law. For this readisperse the pancreatic tissue and the crude islets were son, the cryopreservation of isolated islets is more critiwashed three times with cold HBSS. The islets were cal in Japan. Cryopreservation is an effective procedure filtered through a wire mesh screen (pore size 800 µm) of long-term storage of donor tissue (7) . Additional adand washed and centrifuged. vantages of islet cryopreservation include the creation of a low-temperature tissue bank, affording the opportunity Islet Separation to supplement freshly isolated islets with cryopreserved
The crude islets were suspended in 10 ml of 27% islets to increase islet mass prior to transplantation (3, 7) . dextran (T 70, Amersham Pharmacia Biotech AB, Swe-From the frozen-stored islets, donor islets of the desired den) in Hanks' solution. A discontinuous density gradi-HLA type can also be selected (4) . Islet banking would ent was made by adding a bottom layer of 4 ml of the also allow transplantation of small numbers of islets 27% dextran solution (density 1.094 g/ml) and two upfrom each of a large number of donors (6, 19) . This apper layers, consisting of 5 ml each of a 23% (density proach may help avoid rejection, as the islets would re-1.081 g/ml) and 11% (density 1.041 g/ml) dextran solumain under the threshold for immune recognition (4) .
tion. The gradient was first centrifuged at 50 × g for 4 Prolonged storage would also reduce the islet immunomin and then at 800 µg for 12 min. Pure islets were genicity by confirming a mixed islet cell-lymphocyte harvested from the interface between the topmost layers. culture (MILC) (14) or reduce the requirement for im-Intact islets were hand-picked with the aid of a dissectmunosuppression by modulating donor tissue immunoing microscope. Each rat pancreas yielded between 500 genicity (2) . and 600 islets.
Islet cryopreservation was originally developed by
Newly Developed Cryoprotectant using multiple glass freezing tubes and aliquoted small numbers of isolated islets per individual glass freezing A newly developed cryoprotectant using ethylene tube. When cryopreservation for human, porcine, and glycol (EG) instead of dimethyl sulfoxide (DMSO) solucanine islets is performed by the tube method, numerous tion for decreasing the freezing injuries of islets and for glass tubes are needed per freezing. Usually the harvestsimplifying the freezing procedure was prepared at the ing of one human pancreas can necessitate 20-40 glass Osaka Research Laboratory, Nihon Pharmaceutical Co., tubes per freezing, because one glass tube will involve Ltd. Osaka, Japan. This cryoprotectant is composed of 10,000-20,000 islets in a volume of 3 ml per tube (18) .
1.5 M EG, 5% hydroxy ethylstarlch (HES: Mw 400,000, Furthermore, the freezing procedure using multiple Nihon Pharmaceutical Co., Ltd.), 10 mM nicotinamide tubes is labor intensive, with the potential for microbial (Sigma Chemical Co.), 5% trehalose (Sigma Chemical contamination.
Co.), 1% antibiotics and antimycotics (Gibco BRL, In this study, we tried to improve the cryopreserva-Grand Island, NY, USA), 10% fetal bovine serum (FBS; tion procedure of a freezer bag by using a fully auto-ICN Biomedicals, Inc., Aurora, OH, USA), and 1 vial/ mated computer-controlled cryounit with a newly devel-L Medium 199 (Sigma Chemical Co.) at an adjusted pH oped cryoprotectant, and to assess the viability and of 7.0, and osmolality of 2050 mOsm/kg. This cryoprofunction of frozen-thawed islets using assay methods tectant was filtered with an 0.22 µm disposable syringe filter unit (Advantec Inc., USA). specific for pancreatic β-cells.
Freezing Procedure
for about 1 min. Frozen-stored islets were then transferred to a 50-ml plastic tube containing RPMI-1640 At least over 1 day of culture, rat pancreatic islets with 10% fetal bovine serum on ice. After centrifugation were divided equally each 100 islets into two groups: at 800 rpm for 3 min at 4°C, the islets were washed group 1, a control (nonfrozen) group; and group 2, a with RPMI solution at 24°C and cultured with 10 mM frozen-thawed group. Islets from group 2 were transnicotinamide for 1-4 days at 37°C in 95% humidified ferred into a cryobag, a 250-ml Cryocyte blood freezer air and 5% CO 2 (25) . bag (Baxter Inc., CA, USA), and exposed to 50 ml of our newly developed cryoprotectant for 5 min with a Insulin Release in Static Incubation and stainless steel holder at room temperature ( Fig. 2 
), while
Insulin Contents group 1 was maintained in cell culture as a control. The Cryocyte bag was transferred into a freezing cham-To test islet yields, islets were equally aliquoted into ber. The freezing process was originally programmed two groups after thawing using a 1-ml Eppendorf pipette to a fully automated, computer-controlled cryomachine with care to minimize the variability of islet number be-(GE9000, Gordinier Electronics, Inc. CA & Taiyo Toyo tween the groups. Before 1 day of the test, the culture Sanso Co., Ltd. Osaka, Japan). medium was replaced by 3.3 mM glucose RPMI (basal medium). Each group of islets was aliquoted in five Step 1 (point A-B): 5°C to −9°C at a rate of −1°C/min, samples of 24-well plates (Iwaki Scitech Div., Japan). trigger when the sample temperature reached −9°C.
After two consecutive washes in 3.3 mM glucose RPMI, Step 2 (point B-C): −9°C to −40°C at a rate of −40°C/ islets were successively incubated for 60 min at 37°C in min, trigger when the chamber temperature reached basal medium and RPMI containing 16.7 mM glucose −40°C.
(stimulation medium) for 60 min at 37°C in the 24-well
plates. At the end of each period, the supernatant was min, trigger when the chamber temperature reached collected and frozen at −20°C until assay for immunore-−25°C.
active insulin. The data were expressed according to the Step 4 (point D-E): −25°C to −60°C at a rate of −1°C/ number of 150 µ-equivalent islets (ENI: equivalent min, trigger when the sample temperature reached number of islets) in each dish. Islets for cryopreservation −60°C.
were cultured for 1-4 days. There were 50 islets in each At −8°C nucleation was initiated, and had elapsed for dish for freezing. The stimulated/basal ratio was calcurelease of the latent heat of fusion ( Fig. 1) . Finally, the lated as the stimulated insulin release divided by the 250-ml Cryocyte bag was plunged into a liquid nitrogen basal insulin release in each phase. Following the stimu-(−196°C) storage tank ( Fig. 2) . lation, the islets were put into 1 ml acid alcohol and kept Thawing Procedure at 4°C overnight. After centrifugation in 3000 rpm for 20 min, the supernatant of acid alcohol was collected The frozen-stored islets were thawed by a "rapid for measurement of insulin content. Insulin values were thaw" procedure by being agitated in a 37°C water bath measured by the ELIZA method using rat insulin standard (Shibayagi, Gunma, Japan).
Animals and Induction of Diabetes
Athymic mice, weighing 25-35 g (Oriental Bioservice, Inc., Japan), were administrated streptozotocin (STZ, 165 mg/kg body weight, Sigma) intravenously in the tail vein. Then the blood glucose level using a Glucometer II (Beckman), urine glucose, and body weight were checked. When the blood glucose level was over 300 mg/dl, transplantation was performed. Blood samples were obtained from the tail vein of nonfasting athymic mice for glucose assay three times per week (every day during the first week after transplantation). Return to the diabetic state was defined as occurring when blood glucose concentrations exceeded >250 mg/ dl on two consecutive readings. Care and maintenance of all animals were in accordance with the guidelines of 
Islet Transplantation and IV Glucose Tolerance Statistical Analysis Test (IVGTT)
Results are expressed as mean ± SEM. Statistical significance of differences between control and frozen-The viability of the frozen-thawed islets was examthawed islets for in vitro functional tests was analyzed ined in vivo by transplantation into athymic mice. The using paired or unpaired Student's t-test. A value of p < islets of the control group cultured for 2-6 days and the 0.05 was considered significant. Values of p ≤ 0.05 were frozen-thawed islets that were stored (−196°C) for 1-6 termed nonsignificant (NS). days and cultured for 1-4 days after thawing. Each diabetic athymic mouse was grafted with 1000 rat islets RESULTS under the left kidney capsule with ether anesthesia. After
Insulin Release in Static Incubation and Insulin transplantation, blood samples were taken from the tail Content vein and body weight was measured. For the IVGTT, a
The frozen-thawed islets were cultured for 1-4 days glucose load of 500 mg/kg body weight (50% solution) prior to examination. Microscopically, the cryopreserved was administered, IV, and blood samples were collected islets were similar to control islets, spherical in shape at 0, 5, 10, 30, and 60 min after IVGTT. Before the and translucent orange in color. The islets were stained glucose challenge, all the animals were fasted for about almost totally red by Dithizon (DTZ) staining (Fig. 3 ). 16 h. Nephrectomy was accomplished through the inci-Static incubations were performed in five experiments, sion made earlier. The kidney and intact capsule were as summarized in Figure 1 . There were no significant isolated, the vasculature was ligated with a suture, and reductions of low glucose (3.3 mM)-stimulated insulin the kidney bearing islets in the subcapsular space was release for cryopreservation of islets (107.6 ± 23.1 µU/ removed. The blood glucose levels were estimated with ml vs. 98.6 ± 26.6 µU/ml, p > 0.269), and also no signifa Dri-chem 3000 colorimetric analyzer (Fujifilm).
icant reduction of high glucose (16.7 mM)-stimulated insulin release between the control (nonfrozen) group Histological Examination and the frozen-thawed group (228.9 ± 37.4 µU/ml vs. Transplanted islets were fixed in saline-buffered 20%
198.5 ± 26.1 µU/ml, p > 0.273) (Fig. 4) . The stimulation formalin, embedded in paraffin, and stained with hemaindex of static incubation showed no significance in toxylin and eosine (H&E staining). The immunoperoxihigh glucose stimulation (2.13 ± 0.42, 2.02 ± 0.38, dase technique (avidine-biotin technique) with hematox-94.8% in high glucose). Also, there was no significance ylin counterstain was used for staining insulin. Insulin in insulin content of islets. The frozen-thawed group was localized using the avidin biotin method. The prishowed about 85.0% compared with the control group (p > 0.244) ( Fig. 5 ). mary antibody was guinea pig anti-insulin. 
Cryopreserved Islet Transplantation to Diabetic Athymic Mice
STZ-induced diabetic athymic mice (blood glucose levels > 300 mg/dl) were transplanted under their left kidney capsule with cultured or cryopreserved islets, and blood glucose levels were determined weekly. All three mice transplanted with cryopreserved islets (1000 islets/ 150 equivalent) became normoglycemic within 7 days. Two mice grafted with cultured control islets (1000 islets/150 equivalent) returned to normoglycemia within 5 days. All mice that underwent unilateral nephrectomy of the kidney bearing the islet graft showed a return to hyperglycemia (Fig. 6 ). To determine the viability of the transplanted islets, IVGTT was performed. Glucose (500 mg/kg) was administered via the tail vein, and serum glucose was determined at various times thereafter. The fractional decay constant of the glucose level (K value) in IVGTT was 0.42 ± 0.06%/min in the frozen-thawed group and 0.31 ± 0.03%/min in the control group. Both were normal ranges compared with normal athymic mice (Fig. 7) .
Histological Observation of the Grafts
Rat islets treated by our procedure using a fully automated cryomachine with a newly developed cryoprotectant maintained a well-defined structure that consisted of a sheet of insulin-positive cells under the kidney capsule ( Fig. 8) .
DISCUSSION
There are several advantages of developing a bank of cryopreserved islets, including the ability to select prep- arations of islets based upon ABO or HLA phenotypes lin independence following islet transplantation (29,30). However, with transplantation of cryopreserved islets (4) . In other studies of induction of unresponsiveness of allogenic islet grafts, cryopreserveation of islets has alone, no recipient has yet become insulin independent (5) . been utilized to provide time for the induction of the state of unresponsiveness in the recipients (2, 11, 14) .
The standard procedure of islet cryopreservation utilizes DMSO as the cryoprotectant, slow cooling, and Thawing a sample of cryopreserved islets from a preparation of banked islets permits assessment of their func-rapid thawing, as first described by Rajotte et al. (16) . Recent advances in islet cryopreservation studies on tion and microbiological sterility (19, 21) . Cryopreserved human islets have been used to supplement freshly iso-basic cryobiological parameters, including the determination of membrane permeability to water and to lated islets above 6000 IEQ per kg recipient body weight, which seems to be needed for patients with cryoprotectants, have enabled the development of mathematical models to predict several key biophysical pa-long-standing diabetes. Several patients receiving both fresh and cryopreserved islets have had periods of insu-rameters, such as cryoprotectant permeation, cellular water changes, and the incidence of intracellular ice for-has been indicated that DMSO is superior to glycerol for cryopreservation (24). On the other hand, it has also mation that occur during the cryopreservation procedure (15, 31) . been shown clearly that toxicity and osmotic injury occur when islets are placed in DMSO (17, 20) . A number of studies on the cryopreservation of rat pancreatic islets have been reported, but only DMSO has Miyamoto et al. (13) were the first to report the use of EG for mouse embryo freezing, observing that the been employed as a cryoprotectant. Mazur et al. (12) have shown that DMSO permeates better into fetal rat embryos could be successfully cryopreserved in the presence of EG even after 0.1-min exposure at 0°C. pancreas than glycerol. With regard to adult rat islets, it Moreover, the easy permeation of EG allowed even the be corrected in islet culture. The best test of viability is the ability to correct diabetes in a transplant model using direct transfer of bovine embryos without removal of the cryoprotectant (28) . These findings indicate that EG can the same number of islets as the nonfrozen control. If this can be achieved, then the cryoprotectant protocol is readily permeate and diffuse out of cells without causing gross cellular damage.
optimum for that specific islet type (10, 17) . When 1000 rat islets cryopreserved in a freezer bag were trans-There are several commercially available blood freezer bags designed for long-term storage of blood and blood planted into diabetic athymic mice, the athymic mice became and remained normoglycemic posttransplanta-products. These bags are composed of a thermoresistant plastic that is both nontoxic and able to resist mechani-tion. Sandler and Andersson (26) recommended a 3-day islet culture period before freezing, to select islets for cal stresses in a liquid nitrogen tank. Bone marrow and peripheral blood stem cells have been effectively frozen freezing. The most seriously damaged islets may disappear, whereas others with minor defects may recover in these large-volume freezer bags (23). We investigated the feasibility of the cryopreservation of islets in such and, thus, become more resistant to the stresses of freezing and thawing. The functional viability of frozen-bulk freezer bags. It was the purpose of this investigation to develop and test a new, more efficient, and sim-thawed islets in vivo was assessed by transplantation into diabetic nude mice. Ricordi et al. (22) demonstrated ple procedure of pancreatic islet cryopreservation with a newly developed cryoprotectant using a fully automated that fresh islets transplanted immediately after isolation always produced normoglycemia within the first week cryomachine.
When the recovery rate of the freezer bag method with posttransplant. However, Ricordi et al. (21) also reported that when cryopreserved human pancreatic islets the newly developed cryoprotectant was evaluated after thawing with additional culture, 15% loss of islet function were transplanted into diabetic nude mice, the mice bewas found. This was most likely due to islets adhering to came normoglycemic within 3 weeks from transplantathe inside of the bags and losses associated with the retion. The reason for this discrepancy could be due to the moval of the cryoprotectant and tissue recombination.
difference in the quality and purity between the final The ability to place large amounts of freezing islets in islet preparation after the isolation and purification proa single bag offers some advantages over multiple glass cedure and the islet preparation after the frozen-thawed tubes. The entire preparation of islets can be frozen in one procedure. bag, which is simple and less prone to inadvertent mixing Our results showed all diabetic athymic mice became of tubes, while minimizing the chance of microbial connormoglycemic within 7 days, even a mouse that aptamination (8) . Cryopreservation of a single freezer bag peared to be in a severe diabetic state. This result is less labor intensive, requires less storage, and is more showed that our cryopreservation procedure using a cost-effective than the use of multiple glass tubes. freezer bag and a fully automated cryomachine with a Our procedure also employs a fully automated comnew cryoprotectant could maintain the good quality of puterized cryomachine for isolated islet cryopreservathe frozen-thawed islets. tion. This fully automated computer-controlled cryounit
In summary, we have developed a cryopreservation has some benefits to freezing. The computer regulates procedure using a freezer bag for isolated pancreatic islets the in-out amount of liquid nitrogen, thus controlling using a fully automated cryomachine that could maintain the freezing and heating temperatures. We can select a islets of good viability and function. Cryopreservation ustrigger of temperature (changing points of freezing ing freezer bags with the newly developed cryoprotectant speed or heating speed) that samples the preparation provides an effective and simple method for preparing an temperature or chamber temperature (both expressed in islet bank in clinical trials of islet transplantation. the monitor). Also nucleation can be done easily. These glucose. This damage is usually irreversible and cannot
